The phase sequence of (Et 4 N) 2 ZnBr 4 has been determined based on thermal analysis. Below the decomposition point (572 K) four phases are distinguished.
Introduction
Many members of the A 2 BX 4 (K 2 Se0 4 ) family of crystals are well-known for the occurrence of ferroelectric and modulated phases [ 1 ] . Rb 2 ZnBr 4 , a representative of the tetrabromometallates, has six different phases including an incommensurate one at room temperature [2] [3] [4] .
On replacing the Rb + ion by R 4 N + (R = methly, ethyl, propyl, ...), a new family of compounds is created. In case of R = methyl both the tetrachloro-and -bromometallates can directly be derived from the ß-K 2 S0 4 type, whereas the phase transition behaviour already differs between these two types of compounds: Whereas many of these tetrachlorometallates have incommensurate phases, only (Me 4 N) 2 CuBr 4 is known to have one among the tetrabromometallates [5] [6] .
On increasing the alkyl chain length of the R^N* ion, the spheroidal character of the ion is lost. The Et 4 N + ion, for instance, can exist as one of three conformers: one of two mirror-image isomers in point group 4 (S 4 ) or in point group 42 m(D 2 j). The orientational disorder of this ion is also known from the transition behaviour of the binary salt Et 4 NBr, resulting in a plastic high-temperature phase [7] .
Stucky et al. [8] determined the room-temperature structure of (Et 4 N) 2 NiCl 4 in space group P4 2 /nmc with an orientational disorder of the Et 4 N + ion. It seems reasonable to assume that several members of the group (Et 4 N) 2 M n Br 4 (M 11 : bivalent metal ion of the 3d series), particularly (Et 4 N) 2 ZnBr 4 , have the same or at least a very similar room-temperature structure. The structure of (Et 4 N) 2 NiCl 4 cannot be derived from the ß-K 2 S0 4 type, which explains, partially, why no incommensurate phase transition has been found for this group of compounds yet.
Assuming (Et 4 N) 2 ZnBr 4 is isomorphous to (Et 4 N) 2 NiCl 4 at room temperature, the structure consists of isolated [ZnBr 4 ] 2 " tetrahedra and isolated Et 4 N + ions in point group 4 (S 4 ), which is a prerequisite for a potential ferroelectric. Studies of the birefringence [9] reveal a second-order transition at -311 K and a first-order transition around 281-283 K with a hysteresis of ~ 2 K. Figure 1 shows the phase transition scheme that has been established based on the results of several groups. The transition temperatures and the decomposition point are from our own thermal analysis of the compound, including the discovery of an hitherto unknown hightemperature phase (phase 4). An additional anomaly around ~ 230 K, found by Kahrizi et al. [10] could not be confirmed.
Whereas the temperature dependence of some of the physical properties of (Et 4 N) 2 ZnBr 4 has already been studied [9] [10] [11] , the structures of the four known phases have not been determined yet. The room-temperature 0932-0784 / 2000 / 0900-0801 $ 06.00 © Verlag der Zeitschrift für Naturforschung, Tübingen • www.znaturforsch.com structure of a similar compound, (Et 4 N) 2 CdBr 4 , was determined in another space group [12] than that of the tetrachloronickelate [8] , with (partially) different Et 4 N + conformers. It follows that the assumption of a general isomorphism of the compounds of the family (Et 4 N) 2 M n Br 4 is definitely not true. TG and DTA measurements were performed simultaneously on a Setaram 92 using ~ 10 mg of (Et 4 N) 2 ZnBr 4 and a heating rate of 5 K min -1 . DSC measurements were performed on a Setaram 121 using ~ 50 mg of (Et 4 N) 2 ZnBr 4 and both cooling and heating rates of 5 and 1 K min -1 . For the structure determination of (Et 4 N) 2 ZnBr 4 in phase 1 an isometric crystal (diameter: ~ 2.5 mm) was used and cooled down to 240 K. The data collection was carried out on the D9 and D19 4-circle diffractometers of the Institut Laue-Langevin (ILL), Grenoble. For the structure determination of (Et 4 N) 2 ZnBr 4 in the phases 2 and 3 two different crystals with diameters of ~ 0.5 mm were used. The data collections were carried out on a Stoe STADI 4 X-ray 4-circle diffractometer at room temperature (299 K) and 373 K, respectively. Details of the three measurements are presented in Table 1 . The structures were solved by Patterson maps and refined by leastsquares methods with the programs given in [13] . 79, 8 'Br NQR measurements were carried out on a super-regenerative spectrometer (Decca type). Approximately 4 cm 3 of crystalline powder of (Et 4 N) 2 ZnBr 4 were sealed in a glass tube and cooled in a cold nitrogen gas stream. The sample was heated stepwise, starting at 77 K, while at various low-temperature points 79 ' 8, Br NQR spectra were recorded. Figure 2 shows the results of a combined DTA/TG measurement of the compound. The decomposition starts at 572.8 K (T a ). The analysis of the loss of weight (TG) can be divided into three steps. The first (~T a ) and the second step (finished at T { ) each imply a loss of weight corresponding to the mass of one formula unit of Et 4 by the turning point at T { . The entire loss of the second formula unit is completed at T { = 667.2 K. It coincides with the melting point of ZnBr 2 . The decomposition is finished at 768.2 K (7 e ). Table 2 summarises the results of the DSC measurements including the transformation enthalpy AH, the onset temperature T a of the transition and the temperature r max at the peak maximum. Assuming that the configurational entropy AS c is more or less identical to the transformation entropy AS t , we have
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The parameter ou i+l : co, corresponds to the ratio between the number of states, represented in this case by the multiplicities, above (co i+] ) and below (&>,) the temperature of transition i. Three different anomalies were found, and thus four different phases could be distinguished. The first transition is of slightly first order with a hysteresis range of 1.7 K (285-286.7 K). The second transition (at 313.2 K) is characterised by a step in the base line of the heat flow. Since neither a hysteresis nor a transformation enthalpy was observed in this case, it must be classified as a second-order transition. The third transition, by contrast, is clearly of first order with a hysteresis of 33.6 K (461.8-495.4 K).
Structure Determinations
The extinction rules of phase 3 (373 K) turned out to be "MO: h + k = 2n + 1" and "hhl: / = 2n+l" for a tetragonal crystal system. In this special case the space group must definitely be P4 2 /nmc (no. 137), which was confirmed by the structure solution using the heavy atom method. At room temperature (299 K, phase 2) the same extinction rules were observed for practically the same tetragonal lattice. However, the analysis of the difference fourier map revealed that the inner carbon atoms of the Table 2 . Results of the DSC measurements of (Et 4 N) 2 ZnBr 4 , including the transformation enthalpy AH, the transformation entropy AS, the ratio (U, +1 : OJ, of the multiplicities of the phases i + 1 and i, the onset temperature 7 a and the temperature 7 max at the peak maximum. 4 N + ion could only be located in the maximal subgroup P42jC (no. 114), thus formally reducing the extinction rule "hkO: h + k = 2n+ 1" to "hOO: h = 2n + 1". All other atoms could be located using the space group symmetry P4 2 /nmc. On cooling down to 240 K, superlattice reflections appeared with "h or k even" with regard to the common tetragonal lattice of the phases 2 and 3. This corresponds to an extinction rule "h, k odd". None of the known 230 space groups, particularly not a tetragonal one, has such an extinction rule. Instead the structure solution of phase 1 (240 K) could be carried out successfully in space group Plal (no. 7), which is a subgroup of P4 2 nmc (no. 137). In this case the unit cell is pseudoorthorhombic with a~2b and ß~ 90°. The extinction rule turned out to be "hOl: h = 2n+ 1", thus indicating the glide plane a perpendicular to the basis vector b. Figure 3 shows the group-subgroup relations of the phases 1,2, and 3 after Bärnighausen [14] . Both symmetry reductions from phase 3 to 2 and 1, respectively, involve a loss of the centre of inversion and thus racemic twinning. This has to be considered only if anomalous dispersion occurs, thus for the X-ray data of phase 2, but not for the neutron data of phase 1. In case of phase 2 a volume ratio of the two enantiomorphs of 1.17:1 was determined. Besides, the symmetry reduction from point group 4/mmm (phase 3) to point group m (phase 1) involves the transformation of the two mirror planes II (1 10) and (1 10) into two twin planes. The four distinguishable twin components of phase 1 (240 K, neutrons), resulting from this twinning process, yielded volume ratios of 2.42:2.38:1.11:1 during the structure refinement of phase 1. Table 3 specifies comparable sites, site occupation factors (Sof) and equivalent isotropic displacement parameters (f/ eq ) of the non-hydrogen atoms of the asymmetric units of the phases 1-3. The co-ordinates of phase 3 are shifted by +1/4, -1/4, -1/4, and the x-values of the Table 4 . 35 unique sites of the non-hydrogen atoms of phase 1 with site occupation factors (Sof) and equivalent isotropic displacement parameters t/ eq . These positions complement the 11 sites of phase 1 given in table 3 to a full set of the asymmetric unit of this phase. The x-values of the co-ordinates refer to the pseudo-orthorhombic cell (a ~ 2 b, ß ~ 90°). atom positions in phase 1 refer to the pseudo-tetragonal lattice, i.e. the JC-values are twice as large as those of the original refinement (pseudo-orthorhombic cell, a~2b). Table 4 lists the remaining sites and equivalent isotropic displacement parameters of the non-hydrogen atoms of the asymmetric unit of phase 1 with regard to the pseudo-orthorhombic cell. The structure determinations were done without restraints and by refining all non-hydrogen atoms of the pseudo-orthorhombic cell anisotropically. In case of phase 1, in addition, all 80 hydrogen atoms of the asymmetric unit were refined isotropically.
Comparison of the Structures
Atom
The structure of phase 1 can be described by two different layers arranged parallel to the (001) ion is ordered without any special site symmetry, the shape of the molecular ion is rather undistorted and the thermal ellipsoids (probability density: 50%) are rather small. The H atoms are arranged in the expected staggered conformation. At 299 K (phase 2, Fig. 4(c) ) the Et 4 N + ion is twofold disordered with the N atom being situated on a twofold rotation axis along 1,1/2, z. The ORTEP plot of the asymmetric unit (Fig. 4 (d) ) shows that many of the anisotropic displacement factors are quite large and the Et 4 N + ion is clearly distorted. At 373 K (phase 3, Fig. 4 (e) ) the special site symmetry of the Et 4 N + ion is mm 2 and the ion is fourfold disordered. The ORTEP plot (Fig. 4(f) ) of the asymmetric unit of the ion shows even larger anisotropic displacement parameters than that of phase 2 (Fig. 4 (d) ). It is reasonable to assume that the obvious orientational disorder of the Et 4 N + ions also affects the [ZnBr 4 ] 2_ ions. These have special site symmetries of 1 (phase 1), 4 (phase 2) and 4m2 (phase 3). Since the equivalent isotropic displacement parameter of Br (1) is still below 0.15 at 373 K (cf . Table 3 ), a resolution of the respective split positions is not present- (9) ed here. These split positions are expected to be closer than 0.5 Ä to one another. Figure 6 shows the results of the NQR measurements. For simplicity, only 8 'Br NQR data are present- Table 5 T\K\ Fig. 6 . Temperature dependence of the frequencies of the observed 8 'Br NQR signals.
NQR Spectroscopy
shows the results of the polynomial fit to the curves. In general, the number of 8 'Br NQR signals corresponds to the number of symmetrically independent Br sites and the intensity ratio of these signals to the ratio of the number of different NQR sensitive nuclei, i.e. in this case to the ratio of the corresponding site occupation factors. The number of the three NQR signals and the ratio of their intensities can only be explained by one symmetrically independent [ZnBr 4 ] 2~ ion situated on a mirror plane, i.e. a fragment of three Br and one Zn site per asymmetric unit. As can be seen from 2_ ions might be hidden due to crystal field fluctuations.
Discussion
The phase sequence phase 1 -> phase 2 -> phase 3 of (Et 4 N) 2 + starting to rotate around the C-C bond axes, though with the hydrogen atoms still preferring the staggered conformation. This is in agreement with the fact that the methyl hydrogen atoms could be located from our D9/D19 neutron data of phase 1 at 240 K. Nevertheless, the equivalent displacement parameters of several of these methyl hydrogen atoms turned out to be rather large (0.10-0.13). A dynamical character of this disorder might also explain the high values of some of the anisotropic displacement parameters of the inner carbon atoms ( From the group-subgroup relations of the three phases (Fig. 3 ) it follows that (Et 4 N) 2 ZnBr 4 crystals are merohedral inversion twins in phase 2. Phase 1, by contrast, is characterised, beside inversion twinning, by reticular pseudo-merohedral reflection twinning with twin planes 11(1 1 0) and (1 I 0). The definition of the twin planes refers to the common tetragonal lattice of phases 2 and 3. Another twin element, namely a twofold twin axis lie*, follows from the two twin planes. The more or less equal distribution of the different types of domains in the twinned phases 1 and 2, the slight lattice distortions and remarkable positional changes of the inner carbon atoms only during the two transitions phase 3 -> phase 2 and phase 2 -> phase 1 explain the occurrence of pseudoextinction rules, The extinction rules of phase 1, combined with the pseudo-orthorhombic lattice fit well to space group Pma2, the minimal supergroup of the structure of phase 1. 2~ co-ordination polyhedron lying on the mirror plane perpendicular to the basis vector a. This is in accordance with the 79,8 'Br NQR results indicating this mirror plane symmetry. The extinction rules of phase 2 fit well to the minimal supergroup P4 2 /nmc of the structure of phase 2 and are thus also pretending a higher space group symmetry than is actually present.
Additional information is given by the DSC results ( Table 2) . The ratio co, +1 : w, of 8.2:1 of transition 1 (phase 1 ^ phase 2) is close to the expected ideal ratio 8:1 and thus confirms the assumption that phase 1 really consists of eight different twin components and that in this case the transformation entropy is dominated by the configurational contribution. The ratio : eo, of transition 2 (phase 2 ^ phase 3) must be 1:1 because no peak, but only a step was observed in the temperature dependence of the heat flow. Both transitions seem totally reversible. By contrast, the transformation entropies of transition 3 (phase 3 ^ phase 4) on heating and on cooling, respectively, differ enormously from one another. Nevertheless, several repetitions of the DSC experiment revealed that the transformation process involved must be totally reversible, too. It is reasonable to assume that the Et 4 N + ion is even more disordered in phase 4 than it is in phase 3, possibly resulting in a transformation enthalpy which is in accordance with a ratio (o i+ i: (Oj of ideally 4:1, provided that the transformation enthalpy is approximately equal to the configurational contribution of transition 3 in the direction phase 3 -> phase 4 (heating mode).
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